Introduction
Each organism has its own hereditary pattern of life history related to the differential allocation of energy to growth, survival and reproduction [1] . According to the principle of allocation, individuals have access to a restricted amount of energy that they can use for different life processes [2] . This implies that a higher investment in one process has a negative effect on another. Because perennial plants allocate resources to reproduction every growing season, gains and losses incurred as a result of costs of reproduction should be distributed over the individuals' lifetime so as to maximize their fitness [3] . Costs of reproduction in terms of fitness are defined as reduced fecundity or survival [4, 5] . However, some studies have not confirmed the connection between current reproduction and future costs [6, 7] .
The term 'cost of reproduction' is not unequivocally defined in the literature and may be used with different meanings in different contexts. We follow the terminology proposed by Karlsson and Mendez [5] , with 'reproductive investment' meaning the amount of resources directed to reproductive structures [8] and 'cost of reproduction' meaning the degree to which vegetative processes are decreased by reproduction ('somatic cost of reproduction') [9] .
So far, in numerous empirical studies conducted on perennial plants, no theoretically substantiated proof of incurring the costs of reproduction has been found [5] . This lack of evidence most often stems from the applied research methods and the biological nature of this phenomenon. The most important biological reasons for failure in determining the costs of reproduction are as follows: (1) compensation mechanisms for such costs that facilitate a higher uptake of resources during reproduction, (2) temporal separation between reproductive and somatic allocation, which reduces the costs of reproduction and (3) different demands for resources required for somatic growth and reproduction [4, 5, 10] .
Usually, studies on reproductive costs involve manipulation experiments in which frequently manipulated plants are compared to a control group [11] [12] [13] [14] [15] . However, manipulation experiments may trigger a higher budget investment in plants, as they can initiate compensation mechanisms, e.g., the production of new flower ovules. Experiments are seldom carried out by observing groups of individual perennial plants from seedling to adult stages. The short duration of many studies may limit the possibility of detecting the costs of reproduction in perennials. In these plants, such costs may be revealed only after several years of life and multiple reproductive episodes [16, 17] . This is often related to the storage of resources in underground organs [18] [19] [20] . A higher investment in seeds may result in a lower investment in the storage of resources or underground growth. This can affect the probability of plant flowering and fructification for several consecutive years after high reproduction [21] .
Our study was aimed at the quantitative measurement of reproductive costs in a perennial plant to examine whether observed natural variability in reproductive investment affects some aspects of fitness. The species studied was the sedge Carex secalina because it is a perennial, monoecious species, easy to cultivate, and its individuals are clearly distinguishable and do not reproduce vegetatively [22] .
Numerous studies have shown that reproductive investment is related to the size of plants [e.g. [24] [25] , but such investment was rarely investigated over the lifetime of the same plants. We observed the reproduction of individuals for four consecutive years. We expected that the expenditure on reproductive structures would vary with the size and age of individuals, i.e., that larger individuals would produce longer and more numerous spikes. In an earlier study [26] , we found that the individuals of Carex secalina grown in a garden reach their maximum size at the first year of reproduction (2 nd year of life) and gradually become smaller in subsequent years. In the present study, we assumed that a plant will suffer a higher reduction in vegetative dry biomass in a given year as a result of reproductive costs incurred in the previous year.
Experimental Procedures

Species studied
Carex secalina is a clump-forming perennial sedge. Each individual produces two types of generative tillers: tillers with monoecious spikes, and less common tillers with monoecious and bisexual spikes. A generative tiller of the first type usually comprises two male spikes of different size at the top, and three female spikes at the bottom. A tiller of the second type, besides monoecious inflorescences, also produces a single bisexual spike in the place of a smaller male spike [27] . The sedge starts its generative reproduction in the second year of life. It produces seeds that are capable of germination only after a stratification period. Seedlings appear at the beginning of May. In winter, the aboveground parts of plants die and form necromass. In subsequent years, renewed vegetative growth begins in April [22] .
Garden cultivation
The study was carried out in the Botanical Garden of the Adam Mickiewicz University in Poznań. In the experiment, the individuals of Carex secalina were observed from the seedling stage until the fourth year of life. They originated from the following three populations: Dulsk (N 52˚45´19.72", E 18˚20´31.05") -henceforth denoted as population A, Turzany (N 52˚47´20.90", E 18˚20´16.58") -population B, and Jacewo (N 52˚48´02.88", E 18˚17´50.78") -population C, and were grown from the seeds collected from these populations in July 2001. Because Carex secalina forms small, isolated populations, we collected seeds from all individuals growing in every population. In October 2004, these seeds were sown into plastic pots of 12 cm in diameter. The pots were placed in the garden and covered with plastic foil to protect them from rain, hail and animals. After the period of winter stratification, they started to germinate in mid-May 2005. A month later, single seedlings were repotted into separate pots (12 cm in diameter). In each pot there was one genet, i.e., an individual originating from a single zygote. Overall, 100 seedlings were repotted: 14 from population A, 50 from B and 36 from C. They comprised the group of individuals that were monitored over the four year study. Seedlings were again repotted into pots of 20 cm in diameter after another month (in July, when their roots filled the pots). Afterwards, plants were kept in the same pots because after very fast growth in first three months, they reach their adult size and another pot change was not necessary. The pot size was adequate for adult individuals, neither too big nor too small, and plants could easily increase in size. Each pot with a plant was placed in soil, and all individuals were regularly watered and weeded. Plants were not fertilized during the experiment.
Estimation of reproductive allocation
For three years (2006) (2007) (2008) , all generative tillers produced by each individual were counted in late June in order to estimate the total number of generative tillers. Moreover, in each year of the study, 25 tillers at fruiting stage (i.e. with mature seeds) were cut in early July from each of 100 individuals: five each were cut from the four peripheral points of a tuft and five from its centre. The length of every tiller -from the base of the lowest female spike to the top of the longest male spike -was measured, and all female, male and bisexual spikes on each of the 25 tillers collected from every individual were counted. Next, the length of a single female spike and all male inflorescences were measured. The total length of female and male spikes produced by an individual was estimated as the product of the number of generative tillers and the mean total length of female and male spikes on a tiller. The sum of the total length of female and male spikes in an individual was taken as a measure of its absolute reproductive investment. In our analyses, we also took into consideration relative reproductive investment, defined for our purposes as the ratio of the total length of spikes to dry aboveground biomass.
In the second and third year of the plants' life, 2006 and 2007, 50 seeds were collected in July from each individual. They were stored in paper bags at room temperature. Before sowing, the seeds were weighed on a laboratory balance (A&D, HM-120). Our statistical analyses used the mean mass of a single seed.
The measurement of individual size was the aboveground biomass. Toward the end of each season (in November or December, depending on the length of a given vegetative season), each individual was cut at ground level and removed. The obtained biomass was dried and weighed. Reduction in dry biomass between years (W n -W n+1 , where W n is the dry biomass at the end of the year n) was used as an estimate of the costs of reproduction. Greater reduction in dry biomass in response to a given level of reproductive allocation indicates lower future performance of the plant, and hence higher costs of reproduction.
Statistical analysis
Because the same individuals were followed in the study over consecutive years, a repeated measures ANOVA was used to analyze the effects of age. To take into account the different sources of seeds, the term population was used as a within-subject factor. In cases where the term age × population was significant, the effect of age was analyzed separately for each population.
Total spike length, female spike length and male spike length per plant were used as an approximation of the reproductive investment of a plant. The significance of the relationships between the number of shoots and dry biomass as well as between reproductive investment and dry biomass reduction was analyzed within populations by Pearson's correlation after checking that regression lines were not parallel using ANCOVA. In the analysis of the relationship between mean seed mass and total spike length, when ANCOVA showed nonsignificant factor × covariate interaction, the strength of the relationship was represented by the significance of the combined cross-population slope coefficient. In all ANCOVAs, population was used as a factor, and the test was applied separately to data from different years. All statistical analyses were performed using the SPSS package, version 11.0 (SPSS Chicago III).
Results
Patterns of resource allocation
The number of generative tillers in the second year of life (first year of reproduction) was positively correlated with total aboveground dry biomass across populations, with non-significant correlation only in the smallest group (population A: n=14; r=0.167; ns; population B: n=50; r=0.636; P<0.001; population C: n=35; r=0.568; P<0,001). The same pattern of positive relationships was observed in the third and fourth years, with the only non-significant correlation found in population A at age three. A significant decrease in the production of generative tillers with an individual's age was found in each of the respective populations. In addition, a significant difference among the populations in the number of tillers produced was noted (Table 1 ). In the fourth year of life, individuals from each population produced the lowest number of generative tillers. Individuals from populations B and C produced fewer tillers in the third year of life than in the second year, whereas the mean number of generative tillers in individuals from population A was lower in the second year than in the third year ( Figure 1A) .
Age-distribution of the total spike length varied among populations (Table 1, significant age × population interaction). The effect of age remained significant when each population was treated separately (Table 1) . This indicates that total production of reproductive structures decreases significantly with age in all populations ( Figure 1B) . When the relative reproductive investment per dry vegetative biomass unit was considered, the maximum value was achieved by the three-year-old individuals ( Figure 1C ). This aspect of the relationship was consistent across populations (Table 1) , even though the detailed pattern of agedependence was specific to the population ( Table 1 , significant age × population interaction).
Cost of reproduction
A significantly positive correlation between spike length and dry biomass reduction was found in all populations in at least one of two studied seasons (Figure 2 ). It constituted all three measures of reproductive investment, i.e., total spike length, total length of female spikes and total length of male spikes (Table 2) . Total spike length (covariate) was not correlated with mean seed mass at any age: neither in two-year-old individuals (ANCOVA effect of covariate df=1; F=0.08; ns; population × covariate interaction df=2; F=1.18 ns) nor in three-year-old ones (ANCOVA effect of covariate df=1; F=0.31; ns; population × covariate interaction df=2; F=0.39 ns) nor in four-yearold ones (ANCOVA effect of covariate df=1; F=0.37; ns; population × covariate interaction df=2; F=0.06 ns).
Discussion
The results of our study demonstrated that in Carex secalina, both the number of generative tillers and the total spike length showed a general tendency to decrease with an individual's age. Although this tendency differed between individual populations, in each population both variables reached the lowest value at age four ( Figure 1A ). Our observations imply that the number of generative tillers corresponds to the change in total aboveground dry biomass, which consistently decreased with an individual's age in each population [26] . In addition, our data indicate that across age groups, the number of generative tillers correlates positively with dry biomass. The number of generative tillers is a component of the total length of spikes; therefore, this measure of absolute reproductive investment also declines with age ( Figure 1B) . In our previous studies on germination of seeds that originated from the cultivated individuals (these individuals were also used in the present experiment), we compared the weather conditions in three years of C. secalina reproduction in the garden (2006, 2007, 2008) to examine whether external abiotic factors might affect resource allocation in cultivated plants. We did not find Table 1 . Effects of age and population on a) the number of generative tillers, b) total spike length, and c) relative reproductive investment (the ratio of total spike length to the aboveground dry biomass). The results of repeated measures ANOVA are shown. The degrees of freedom are calculated with the Luynh-Feldt correction for the lack of sphericity. any yearly differences in mean monthly temperatures or total monthly precipitation. This confirms that the differences in plant characteristics between years can be attributed to plant age [26] . Thus, the changes observed in individuals that grew in uniform conditions were not due to weather conditions. When we express reproductive investment as biomass units, the relative reproductive investment (the ratio of the total length of spikes to dry aboveground biomass) is comparatively low in the second year of an individual's life, increases in the third year, and afterwards declines ( Figure 1C ). This indicates that the decrease in total spike length between ages two and three is lower than the corresponding decrease in an individual's biomass over the same period of time. Thus, the relative reproductive investment reaches its maximum in the second year of the plant's reproduction. In some studies, reproductive effort increased as plants grew [28, 29] , but more often it was found that reproductive effort was size-related [30] [31] [32] [33] .
Dependent
Analyses of correlation between the total spike length and decrease in biomass during the following year show that the investment of resources into reproduction in C. secalina result in the incurrence of reproductive costs. These costs are expressed as a higher year-to-year dry biomass reduction, i.e., the higher the reproductive rate of an individual in a given year, the smaller its size in the next year. Moreover, the biomass of individuals is correlated with the number of produced generative tillers, so one can expect a greater decrease in biomass to have a negative effect on the future reproductive success of an individual that makes a higher investment in current reproduction. However, an individual's size, changing with the incurred reproductive costs, does not affect the size of seeds, so smaller individuals do not produce smaller seeds [26] . Presumably, smaller individuals produce a lower number of seeds of similar size to those of larger individuals.
Multi-year experiments, best conducted until the end of the plants' life, can make it possible to find out if there is some recovery period after reproduction, identify the optimally efficient period of a study or determine whether there are any differences in cost incurrence among populations [16, 20, 21] . For instance, an 11-year study on the orchid Cypripedium acaule showed that for this species, at least a four-year experiment is needed to reveal reproductive costs in examined populations; further continuation of the study made it possible to demonstrate differentiation within populations and the ability of a single individual to recover after many years of annual fruit production [20] . Studies on reproductive costs rarely involve the same individuals over their lifetime [34] . Even if such costs are studied in relation to age, they most often pertain to different age categories in a given population [35, 36] .
In conclusion, the four-year observations of life history traits in the individuals of C. secalina enabled us to unambiguously demonstrate the reproductive costs in a perennial plant, i.e., after each reproductive event, individuals attained smaller sizes and produced a smaller number of generative tillers. Further studies in natural populations of this species would make it possible to find out if there is any differentiation of costs related to different selective pressures in various populations, and whether reproductive costs decrease the probability of individual survival. and Higher Education (projects 2P04C12030 and NN305036134). Table 2 . Costs of reproduction in Carex secalina form three populations, expressed as a positive Pearson correlation (r) between dry biomass reduction and a) total spike length, b) total length of female spikes, and c) total length of male spikes in two-and three-year-old plants.
